Sarin is an organophosphorus (OP) chemical warfare agent which irreversibly inhibits acetylcholinesterase. Acute toxicity after sarin exposure is because of hyper activation of the nicotinic and muscarinic receptor. Survivors of sarin exposure often develop long-term neuropathology referred as OP ester-induced chronic neurotoxicity. However, the exact mechanism of chronic neurotoxicity is yet unknown. We studied proteomic changes in rat brain regions after 0.5 LD 50 dose of sarin and investigated some milestone changes associated with long-term CNS injury. We used two-dimensional gel electrophoresis/mass spectrometry approach to identify early proteomic changes and traced expression of selected proteins for longer time points. This study shows changes in chaperone function, endoplasmic reticulum stress, and defect in cytoskeleton functions at earlier stages. Predictive interaction analysis demonstrated putative role of Parkinson's disease-related proteins after sarin exposure. Our results clearly indicated neurodegenerative changes which started after 2.5 h and showed prominence after 3-month postexposure. The study also unmasks changes in proteins related to movement and cognitive function. The markers for astrocytosis (GFAP) and neurodegenerative changes (alpha-synuclein and amyloid precursor protein) exhibited altered expression in brain. This is the first proteomic study among survivors of sarin exposure in animal model. Some of the early changes, including those involved in neurodegeneration, movement, and cognitive function, defects in chaperone function and cytoskeleton, were shown to persist for a longer period. The study provides a preliminary framework for further validation of major mechanisms of sarin toxicity is suggested here and opens new avenues for elucidation of therapeutic intervention.
Sarin is an organophosphorus (OP) compound classified in the G series of nerve agent. It inhibits neuronal enzyme acetylcholineesterase (AChE) which leads to hyper accumulation of the neurotransmitter acetylcholine (ACh) at the cholinergic synapse (Bhardwaj et al., 2012) . Sarin inhibits AChE instantaneously and irreversibly leading to extreme toxicity. Accumulation of a large quantity of ACh in the cholinergic synapse and neuromuscular junction causes overstimulation of nicotinic and muscarinic ACh receptors. This leads to acute toxic manifestation which includes lacrimation, salivation, seizures, fasciculation, and tremors (Colovic et al., 2013) . However, some individuals with acute sarin exposure may develop long-term neuropathology referred as OP ester-induced chronic neurotoxicity (OPICN) (Abou-Donia et al., 2016) . OPICN may develop either by single large dose or by small doses of OP compounds leading to chronic neurobehavioral alterations.
There are several instances in which sarin had been used either in military or civilian attacks, including the Iran-Iraq war (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) and in Matsumoto City, Japan (1994) , when sarin was released in residential areas (Morita et al., 1995) . In the Tokyo subway (1995) incident, many people died and a large number of the population was exposed to moderate to low doses of sarin (Okumura et al., 1996) . They showed various neurological dysfunctions like loss of memory and impaired cognitive functions after few months. Recently, in Ghouta (Syria) on August 21, 2013, sarin exposure took place where victims showed various abnormalities like breathing problem, irritation in the eye, excessive salivation, convulsions, confusion, and meiosis (Sellstrom et al., 2013) . Survivors of 1994 Matsumoto and 1995 Tokyo subway sarin attacks showed long-term psychomotor deficiency, decreased memory function, and impairment in cognitive function, 7 years after the incidence (Miyaki et al., 2005) .
Precise mechanism related to OPICN is still unknown. Hyper stimulation of nicotinic and muscarinic receptors, altered calcium homeostasis, cytoskeleton disruption, and respiratory distress are possible causes, arguably leading to neuronal impairment (Pereira et al., 2014) . Neuroproteomic analysis of brain tissue has been employed to elucidate mechanisms involved in the development of various disease conditions, including Parkinson's disease (PD), Alzheimer's disease (AD), and frontotemporal dementia (Davidsson and Sjö gren, 2005) . Although several studies have been conducted at transcriptome levels, there is a paucity of literature on proteome analysis after sarin exposure (Damodaran et al., 2006; Spradling et al., 2011) . Notably, the transcriptomic data does not essentially corroborate with the protein expression profiles and that the proteome remains phenotypically closer to the disease manifestation (Ahram et al., 2002; Gygi et al., 1999) . Although proteomic studies have been used to elucidate various mechanisms associated with another chemical warfare agent sulfur mustard exposure Everley and Dillman, 2010) . To the best of our knowledge, there are no such differential proteomic studies in mammals after OP pesticide exposure. There is only one proteomic study on nerve agent-induced toxicity using high doses of sarin in a guinea pig model (Meade et al., 2015) wherein largely different set of proteins were shown to be differentially expressed as compared with this report. In order to elucidate early diagnostic markers, we have recently carried out plasma proteome analysis using a single dose of sarin administration to rats (Chaubey et al., 2016) . The present study was designed to explore the molecular changes at proteome level after single subcutaneous dose (0.5 LD 50 ) of sarin in rat model.
The model used here closely resembles an OPICN scenario as the animals showed early symptoms of sarin exposure and survived further. Keeping in view the hazards associated with inhalation exposure studies with sarin, we have used subcutaneous route of administration, which is frequently used in nerve agent research using animal models and is routinely used in our laboratory (Bansal et al., 2009; Bhardwaj et al., 2012; Chaubey et al., 2016) . Three regions of brain (frontal cortex [CO] , corpus striatum [CS] , and hippocampus [HI] ) were used in this study as nerve agent-induced toxicity has been previously demonstrated to affect different regions of brain associated with diverse functions (Abou-Donia et al., 2016) . For instance, neuropathological lesions associated with loss of cognitive function as a result of OPICN were observed mainly in CO and HI. Proteomic changes were studied using the two-dimensional gel electrophoresis/mass spectrometry (2DE/MS) approach and the alterations at early time points were further corroborated with long-term exposure (3 months) using immunoblotting and immunocytochemistry tools. The results obtained in this study provide significant insight in the understanding the pathogenesis of sarin exposure, which were further associated with longterm neuropathological changes. Our results indicate the role of mitochondrial dysfunction, endoplasmic reticulum (ER) stress, and neurodegenerative changes in the long-term chronic toxicity in sarin-exposed subjects. The study provides a preliminary framework for further validation of the major mechanisms of sarin toxicity suggested here which may open new avenues for elucidation of therapeutic intervention.
MATERIALS AND METHODS
Reagents and safety considerations. The chemicals used in the study were of analytical grade and procured from Sigma-Aldrich (Sigma Aldrich Chemicals Pvt Ltd, New Delhi, India) unless specified otherwise. Mass standards for MALDI-TOF-TOF analysis were obtained from Sciex (A Division of DHR Holding India Pvt Ltd, Gurgaon, India). Sarin is highly toxic and it is strongly advised to avoid all contact with the substances. Sarin of >99% purity was obtained from Processes Technology Division (PTD) at DRDE, Gwalior, India. Handling and animal administrations were carried out at PTD, DRDE, Gwalior using a fume hood with scrubber system and proper protective clothing, in strict adherence to safety rules for handling toxic substances.
Experimental design and animal treatment. All animal experiments were approved by the Institutional Animal Ethics Committee (protocol number 37/1999/CPC-SEA). Male Wistar rats (8-10 weeks old; 100-120 g) were obtained from the Animal Facility Division, DRDE, Gwalior and acclimatized at 12 h light and 12 h dark cycles at 21 C-24 C for 1 week prior to the experiment. All animal experiments were carried out in strict adherence to the guidelines of the Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA), India. Rats were divided into six groups (n ¼ 20 animals in each group). The subcutaneous LD 50 dose of sarin in rats (160 lg/kg body weight) was determined in our laboratory (Bansal et al., 2009 ), using Dixon's (1965) Up and Down method. Control group consisted of naïve untreated animals which received normal saline, whereas for the remaining five groups (treated), sarin was dissolved in 0.9% normal saline and administered immediately subcutaneously (0.5 LD 50 , 80 lg/kg of body weight). For the treated groups (Groups 2-6), effects were observed after 2.5-h (group 2), 1-day (group 3), 7-day (group 4), 11-day (group 5), and 90-day (group 6) postexposure. At each time point, rats were anesthetized with anesthetic ether and blood was drawn with the help of heparinized capillary from the orbital sinus and collected in tubes containing anticoagulant (0.05 M EDTA). Rats were humanely euthanized by cervical dislocation and brain was immediately removed. The three brain parts CO, CS, and HI were dissected out and immediately processed for AChE estimation and protein extraction as given below.
Estimation of plasma and brain cholinesterase activity. After completion of a particular time point, plasma (cholinesterase [ChE] ) and brain (AChE) cholinesterase activities were determined according to the method of Ellman et al. (1961) . Briefly, different regions (CO, CS, and HI) were dissected from the rat brain and 10% homogenate were prepared with 0.32 M sucrose. Homogenate was centrifuged at 1000 Â g for 10 min and the resultant supernatant was again centrifuged at 10 000 Â g for 15 min. The clear supernatant was used for the estimation of AChE level in different parts of the brain. Blood samples were centrifuged at 2300 Â g for 5 min to separate plasma that was used for total ChE estimation. Protein estimation was done by the Bradford (1976) Protein extraction. Total proteins were extracted from CO, CS, and HI using a modified method of Butt and Coorssen (2005) . Briefly, brain tissue was homogenized in solubilization buffer containing 7 M urea, 2% w/v CHAPS, and protease inhibitor cocktail. After centrifugation at 10 000 Â g for 20 min at 4 C, the supernatant was subjected to three pulses of sonication on ice. Total soluble proteins were obtained by centrifugation at 40 000 Â g for 30 min at 4 C. The clear supernatant was precipitated by 10% w/v trichloroacetic acetic for 6 h at 4 C. Protein precipitate was washed twice with cold acetone having 0.07% b-mercaptoetanaol, air dried, and stored at À80 C until use.
Two-dimensional gel electrophoresis and image analysis. At an earlier time points (Control, 2.5 h, and 1 day) 2DE was performed and proteins isolated from three brain regions (CO, CS, and HI) were used for the study. Briefly, 500 lg of protein was solubilized in 150 ml of rehydration buffer. Isoelectric focusing was performed using immobilized pH gradient (IPG) strips (BioRad, USA) of 7 cm length and 5-8 pH range. IPG strips were passively rehydrated overnight with samples and protein was focused for 10 000 Vh at 20 C under mineral oil in the isoelectric focusing unit (BioRad, USA). After focusing, proteins were reduced and alkylated using equilibrium buffer and separated on second dimension using 12% SDS-PAGE. Gels were stained with Coomassie brilliant blue G-250 for visualization of protein spots and GS 800 densitometer (BioRad, USA) were used for capturing the image. Four biological replicates from each group (control, 2.5 h, and 1 day) were used for image analysis and automatic spot detection by PD Quest software (BioRad, USA). Proteins spots which showed differential expression were manually checked for their consensus among all the gels and to remove any artifact. Normalization was carried out by the local regression model of PD Quest for minimizing possible gel to gel variation. Unpaired t-test was performed for statistical analysis of the data. Protein spots showing altered expression between control and treated groups (fold change !1.5; P .05) were marked and excised.
In-gel digestion of differentially expressed spots. Differentially expressed spots were excised and subjected to in gel digestion, as described earlier (Kumar et al., 2013) . Briefly, spots were destained by 50% acetonitrile (ACN)/50 mM NH 4 HCO 3 . After reduction and alkylation, spots were digested over night at 37 C with sequencing grade trypsin. Peptides were extracted with 60% ACN and 0.1% trifluoroacetic acid (TFA). The solution was then dried in vacuum concentrator at 4 C and resuspended in 30% ACN in 0.01% TFA before MS analysis.
Identification of proteins. Proteins were identified using tandem mass spectrometry as described before (Alam et al., 2012) using 4800 plus MALDI TOF/TOF Analyzer (AB Sciex). Briefly, trypsin digested peptides were mixed with equal volume of CHCA matrix (10 mg/ml) and spotted onto target plate. The instrument was calibrated with default parameters using a six component peptide standard in a mass range of 905-3660 Da. A laser (355 nm wavelength) operated at a 200-Hz repetition rate for recording the MS mass spectra in the reflector positive mode. The accelerated voltage was operated at 2 kV. The MS/MS mass spectra were acquired in a data dependent manner; 20 strongest precursors were selected between 850 and 4000 Da and filtered with a signal-tonoise ratio >20 from one MS scan. Fragmentation was carried out by collision-induced dissociation using air as the collision gas at 1 kV energy and a recharge pressure threshold of 1.5e-006. All MS and MS/MS spectra were obtained by the accumulation of at least 1200 and 1600 laser shots, respectively. Peak lists were generated using the 4000 Series Explorer Software v. 3.5 (Applied Biosystem, USA). MS/MS peaks were selected based on a signal-to-noise ratio >10 over a mass range of 60-20 Da below the precursor mass. MS and MS/MS data were used for the identification of proteins using Protein Pilot version 4.0 (Applied Biosystem, USA) employing the MASCOT 2.0 search engine (Matrix Science, London, UK). The peak list was searched against all entries with 16338050 sequences at nonredundant protein sequence database of NCBI with the following search parameters: trypsin digestion with one missed cleavage, variable modifications (oxidation of methionine and carbamidomethylation of cysteine), and the peptide mass tolerance of 50 ppm for precursor ion and mass tolerance of 6 0.6 Da for fragment ion with þ1 charge state. MASCOT score (using MOWSE algorithm) >62 was accepted as significant (P < .05) for the successful protein identification by MS/MS.
Validation of proteomic result through western blot. Some of the milestone proteins showing differential expression patterns were further validated using immunoblotting. For this, equal amount of proteins (30 mg) from each time points, were dissolved in sample loading buffer and electrophoresed onto 12% SDS-PAGE followed by immunoblotting (Bhardwaj et al., 2012) . The membranes (Advanced Microdevices, India) were incubated for 1 h with 5% skim milk (Santa Cruz, Biotechnology, USA) followed by incubation with respective primary antibodies (overnight at 4 C) and horseradish peroxidase (HRP) conjugated secondary antibodies (dilutions of respective primary and secondary antibody given in Supplementary Table 1) for 2 h. The membranes were washed with phosphate buffer saline with tween 20 (PBST) followed by phosphate buffer (PBS) and incubated with chemiluminescent HRP substrate (Invitrogen, USA) and developed on X-ray film (Thermo Scientific, Belgium). The blots were scanned by GS 800 (BioRad, USA) and quantitative changes among bands were measured by densitometric analysis (Quantity One Software, BioRad, USA). Density of each band was normalized by respective loading control, ie b actin to get differential expression level. Total four independent experiments (n ¼ 4) were carried of which a representative image is shown.
Histopathology. For histopathological evaluation of toxic effect of sarin, animals were humanely euthanized by cervical dislocation and different regions of brain from control and sarin treated (2.5 h, 1 day, and 3 months) animals were dissected out (n ¼ 4 per group) and fixed in 10% neutral buffered formalin for 36 h at room temperature. The tissues were then processed for dehydration in a graded series of alcohol and toluene by the automated tissue processor (Leica, Germany TP1020) and embedded in paraffin wax. Several sections of 12 lm thickness were made by rotator microtome (Microm, Germany) from each tissue (five sections from each group) and mounted on precoated slides and air dried overnight. The sections were deparaffinized and stained with hematoxylin and eosin in auto-stainer (Leica, Germany). After drying sections were observed under a light microscope (Leica, Germany DMLB) at 40Â magnification and images were captured by DM 500 camera (Leica, Germany) with help of QWin (Leica, Germany) software.
Immunohistochemistry. To identify long-term changes in the protein expression at tissue level, several sections of 10 lm thickness were made from control and 3-month sarin-exposed tissue (n ¼ 4 per group). Sections were deparaffinized, rehydrated, and boiled with citrate buffer for antigen unmasking. After Quenching of endogenous peroxidase with methanol (Himedia, India) and H 2 O 2 for 30 min, tissue sections were blocked with 5% Bovine serum albumin for 2 h at room temperature and incubated at 4 C for overnight with respective primary antibody. After washing 3 times with PBST (5 min each), sections were incubated for 1 h with HRP conjugated secondary antibody (dilutions of respective primary and secondary antibody given in Supplementary Bioinformatics and statistical analysis of differentially expressed proteins. Differentially expressed proteins were clustered according to their molecular and biological function with the help of online ExPASy tools (https://www.expasy.org/; last accessed March 15, 2017). Prediction of functional associations was carried out with STRING v10 data base (http://string-db.org/; last accessed February 9, 2017). All results were presented as mean 6 SD and at least four biological replicates from each group were used for analysis. Unpaired two-tailed student t-test was used to check the level of significance (P .05) between control and each treated time points. Specific significance levels are mentioned in each figure legend.
RESULTS

Clinical Signs Observed in Rats
Animal were observed for the development of clinical signs postsarin exposure. Majority of the animals in treated groups showed mild to moderate tremors after 10-20 min, whereas few of them did not show tremors but remained inactive. Some of them (4-5 animals out of 20 in each treated group) showed severe tremor and died within 1-12 h. Animals which showed tremors also showed salivation, chewing behavior, and bulging of eyeballs after 10-to 15-min postexposure. Tremors subsided after 1-2 h but the animals remained inactive up to 6-to 7-h postexposure.
Plasma and Brain AChE Inhibition After 0.5 LD 50 Sarin Exposure There was significant reduction in plasma ChE and brain AChE after single subcutaneous injection of 0.5 LD 50 sarin. In case of plasma, there was 70% reduction in total ChE activity after 2.5 h of exposure, which came back to normal level 11-day postexposure ( Figure 1a ). Significant reduction in AChE activity was observed in all the brain regions tested after sarin exposure, however, different regions of brain showed different extent of recovery of AChE inhibition up to 11-day postexposure. Inhibition persisted up to 11 days in CO and CS regions, but returned to normal level in HI. It was CS in which most potent inhibition persisted (33%) 11 days after exposure ( Figure 1b) .
Differential Proteome Analysis
Differential protein expression of sarin-exposed and control brain samples were carried out by 2DE in the pH range of 5-8. With the help of PD Quest software (BioRad, USA) a total of 400, 370, and 350 spots were matched in the CO, CS, and HI 2DE gels, respectively. Out of these proteins, 35 in CO, 29 in CS, and 27 in HI region showed !1.5-fold changes with respect to control, either at 2.5 h or 1 day after sarin exposure (Supplementary Figure  1) . Details of densitometric fold changes of all the differentially expressed spots along with the P values are presented in Table 1 . The observed molecular mass and pI values in most of the cases were in close proximity to the theoretical values; the observed variation in some may be due to posttranslational modification or proteolytic cleavage of the protein (Supplementary Tables 2-4) .
Identification of Differentially Expressed Protein
Differentially expressed proteins were identified using MALDI TOF-TOF tandem mass spectrometry (Supplementary Figure 1 and Table 1 ). Their MOWSE score, % sequence coverage, peptide with an ion score, and root mean square (RMS) error are reflected in Supplementary Tables 2-4 . Functional classification and localization of differentially expressed proteins are presented in Supplementary Tables 5-7 . A chart representing the functional classification of differentially expressed proteins from all the regions is shown in Figure 2a . Proteins were largely classified into the categories of posttranslational modification (PTM), protein turnover, chaperone; cytoskeleton; energy production and conversion; transport; metabolism; transcription; and defense mechanism. Functional classifications of are presented as a mean 6 SD (n ¼ 8). *P < .001, **P < .0001 with respect to control. Normalized intensity (OD Â area) of spots as numbered on gel with their 6 SD value. Mean of three biological replicate each with two analytical replicate (n¼6) were used for SD calculation.
b,c !1.5-fold change; P!.05 with respect to control considered as significant change. None significant changes were represented by "-".
differentially expressed proteins from individual region (CO, CS, and HI) are presented in Supplementary Figure 2 . Among proteins of chaperone family, stress-induced phosphoprotein 1 showed (Stip 1) downregulation in CO and upregulation in CS. Two isoforms of protein disulfide-isomerase A3 (PDIA3) showed upregulation in all three brain regions (spot no. 12, 35 in CO, 28, 29 in CS, and 26, 27 in HI of Supplementary Figure 1 ). HSP60 and stress-70 protein showed downregulation in CO and HI while upregulation in CS. Heat shock cognate 71 kDa protein exhibited downregulation in CO. There were a number of cytoskeleton associated proteins showing altered expression in different brain regions in response to sarin administration. Like, stathmin (Stmn) was downregulated in all three regions of the brain; alpha-internexin (Ina) was downregulated in CO; and different forms of tubulin were downregulated in CO and HI. Profilin-2 (Pfn2) and coronin1A (Coro1) showed progressive downregulation in HI. One isoform of fructose-bisphosphate aldolase C exhibited increased expression while the other isoforms were downregulated in HI. Enolase showed down regulation in CO and HI but alpha-enolase was upregulation in HI. Various other proteins related to energy production and conversion, nucleotide, amino acids transport and metabolism, intracellular trafficking, secretion, and vesicular transport-related proteins were also affected significantly in response to sarin exposure (Supplementary Figure 1 and Table 1) . A network of all differentially expressed proteins was evaluated for a possible interaction using the predictive tool at STRING database. Two pathways pertaining to PD (8 proteins) Table 1. and metabolism (13 proteins) were predicted to be predominantly implicated in the sarin-induced perturbations with very low false discovery rate (Figure 2b) .
Validation of Proteomics Results Using Western Blot
To validate proteomic results, some milestone proteins showing differential expression and belonging to distinct functional categories were selected and validated in the corresponding brain regions using Western blot and/or immunohistochemistry. Protein involved in cellular stress (HSP60), protein folding and chaperone function (alpha-synuclein, stip1), cytoskeleton function and microtubule stability (tubulin beta [Tubb] , Stmn), neurofilaments-related protein (Ina), movement and cognitive function (Pfn2, Coro1), and neurotransmitter release (complexin2 [Cplx 2]) were tested in control and sarin treated (2.5 h, 1 day, 7 days, 11 days, and 3 months) rats (n ¼ 4 per group) by immunoblotting ( Figure 3 ). Curiously; when compared with other proteins tested on Western blot for the validation of differential expression, the two proteins involved in protein folding (Hsp60 and Stip 1) exhibited a sudden increase in expression after 7 days of sarin exposure. HSP60 showed initial (2.5 h, 1 day) downregulation followed by an upregulation at later time points in CO and HI, however it was upregulated in CS at all-time points. Ina showed progressive downregulation in CO. The cytoskeleton-related protein Stmn was downregulated in all the three regions of the brain, with a remarkable change in CS. Pfn2 and Coro1 showed progressive downregulation from 2.5-h to 3-month postexposure in HI, whereas, Tubb showed progressive downregulation in both CO and HI. Cplx2 was downregulated in CS at all the time points studied. Alpha-synuclein in CS showed down regulation after 2.5 h, but the expression was largely restored after 1 day. A marginal downregulation of Stip1 after Representative image of immunoreactivity level of some milestone proteins in brain tissue. a, Some proteins from CO, CS, and HI were traced for their expressivity with respect to control till 3-month postsarin exposure. b, Densitometric analysis of n ¼ 4 replicates was carried out with Quantity One Software (BioRad). Each value was normalized with their respective loading control, ie b actin. Immunoreactivity levels were represented as percentage of control and result were presented as mean 6 SEM, * denotes P < .01 and ** P < .001 with respect to control. 1 day was followed by an upregulation at later time points in CO; whereas in case of CS region, it showed continuous upregulation.
Histopathological Alterations in Brain After Sarin Exposure
Evaluation of different brain regions (CO, CS, and HI) revealed that 0.5 LD 50 sarin administration causes neurodegenerative changes even up to 3-month postexposure. There were degenerative neurons observed in CO, CS, and HI of treated animals with respect to corresponding brain regions of the control group. In control group, heterogeneous neuronal cells were arranged in proper layers as observed in hematoxyline-and eosin-stained tissue sections. Cells of different brain regions showed changes with respect to control as indicated in images (Figure 4 ) and described below.
Changes in CO Region. With respect to control, severe necrotic neuronal degeneration with neuropil vacuolation and proliferation of glial cells were observed in CO region after 2.5 h of sarin exposure. After 1-day exposure, necrosis and degenerative changes in neuronal cells were seen. However, necrotic regions with degenerative neurons and neuroglia were observed 3 months after sarin exposure (Figs. 4a-d) .
Changes in CS Region. Neuronal degeneration, necrosis, and proliferation of glial cells were observed 2.5-h postexposure; whereas after 1 day, severe necrosis and degenerative changes in neuronal cells were seen. Three months after sarin exposure, the necrotic region with degenerative neurons and neuroglia were characterized by the formation of perineuronal and perivascular spaces (Figs. 4e-h ).
Changes in HI Region. Severe necrotic neuronal degeneration, atrophy, and necrosis of nerve cells in gyrus were seen in HI, 2.5-h postexposure. At a later stage (1 day), minimal to mild necrotic nucleus and associated vacuolation of the neuropil were observed. After 3-month exposure to sarin, necrotic region with hypocellularity of neurons and neuroglia were prominent. There were areas with vacuolated neuropil and shrunken neurons with necrotic nuclei, which were representative of neuronal death (Figs. 4i-l) .
Immunohistochemistry for Expression of Milestone Proteins After 3 Months
We further studied expression of some milestone proteins to unmask the level of their expression for longer time after exposure (3 months). The chaperone protein HSP60 showed a significant overexpression in all the three regions of the brain after 3 months of sarin exposure (Supplementary Figure 3a and Supplementary Table 8) . Apart from this, we also observe upregulation of GFAP in the three regions of brain (Supplementary Figure 3b and Supplementary Table 9), indicating prominent upregulation in CO and HI which correlates with extensive neurodegeneration in these regions (Figs. 4d and l) . In case of alphainternexin, we clearly observed a downregulation in CO region of the brain (left panel, Supplementary Figure 4 and Supplementary Table 10 ). Interestingly, we observed accumulation of alpha-synuclein in CS (middle panel, Supplementary  Figure 4 and Supplementary Table 11 ). The expression level of 
DISCUSSION
Brain is the major organ affected after nerve agent exposure (Abou-Donia et al., 2016) . OP compounds are neurotoxic via three distinct mechanisms, ie cholinergic neurotoxicity, OPICN, and OPIND. However, pathogenesis of OPICN is different from that of OPIND in the way that, it usually occurs following OP compounds exposure and is attributed to the inhibition of brain enzyme Neurotoxicity Esterase (NTE), rather than solely AChE inhibition; the latter is observed during acute intoxication of nerve agents (sarin, soman). Some OP compounds such as triorthocresyl phosphate (TOCP) cause delayed neuropathy (DN), they specifically inhibit NTE and trigger axonal degeneration. Further, OPIND involves progressive distal degeneration of sensory and motor axons in the peripheral nervous system and spinal cord tract. Contrary to this, nerve agent-mediated AChE inhibition primarily affects CNS which is more prone to the development of OPICN (Abou-Donia et al., 2016; Gupta, 2015) . In this study, we observed various clinical signs related to acute toxicity, which probably leads to OPICN. The pathogenesis of long-term effects of exposure which causes OPICN is not well understood. Independent of AChE inhibition, there are various other secondary messenger systems which stimulate complex and diverse mechanism after exposure (Miyaki et al., 2005) . Not related to OPICN, the only other proteomic report on sarin-induced toxicity used high doses of sarin in a guinea pig model, leading to death of animals in <30 min (Meade et al., 2015) . The authors demonstrated changes involving glutamate-mediated excitotoxicity, calcium overload, reactive oxygen species, and cell death responses. In this work, we performed differential proteomic study using a single large dose of sarin in rat model and validated selected proteins in surviving animals for OPICN.
Sarin-Induced CNS Injury Leads to Alterations in Chaperone-Related Proteins and ER Stress
Accumulation of alpha-synuclein in CS, after 3 months of postexposure suggests a general protein folding dysfunction within the cell. Most of the protein folding-related proteins showed changes in expression after sarin exposure (Table 1) . HSPs are commonly induced in the case of cellular stress for promoting proper folding of proteins to retain their function (Sharp et al., 1999) . HSP60 is ubiquitous in nature, related to mitochondrial and oxidative stress and is also involved in the detection of misfolded proteins (Arya et al., 2007) . Our Western blot and immunohistochemistry data further confirmed increased HSP60 expression in all the regions of brain 3-month postexposure, indicating generation of oxidative stress (Supplementary Figure  3a) . HSP60 showed initial downregulation in CO and HI, possibly leading to degeneration of cells, however, its expression gradually restored to near normal level in all the regions of brain after 7-11 days of exposure (Figure 3) . HSP60 has been shown to be upregulated during CNS injury conditions via TLR4-mediated pathway and activates microglia (Lehnardt et al., 2008) .
Along with HSP90 and HSP70, Stip1 is a cochaperone that showed upregulation after toxic insult in CO and CS regions of the brain. Till 7 days, we found a drastic increase in Stip1 level with respect to control and this elevated level was maintained even up to 3-month postexposure. Upregulation of Stip1 is correlated with neuroprotection during ischemic insult; released from astrocytes, it causes increase in intracellular Ca þ2 level by activation of alpha-7-nicotinic ACh receptor (Beraldo et al., 2013) . Hyper activation of AChR and Ca þ2 overload inside the cell is reported earlier after sarin exposure (Solberg and Belkin, 1997) . In a transcriptomic study, Damodaran et al. (2006) also observed changes in expression level of various calcium channel-related genes after 3 months of sarin exposure. It has been reported that various ER-related proteins get upregulated after nerve agent exposure, arguably leading to calcium overload in cytosol (Meade et al., 2015) . We found changes in expression of PDIA3. Apart from its role in protein folding and transport, PDIA3 is known to be implicated in ER stress, has a neuroprotective effect during neuronal cell death, and is upregulated during the conditions like of hypoxia and brain ischemia (Tanaka et al., 2000) . Two of the isoforms of this protein showed upregulation after 2.5-h and 1-day postexposure in all the three brain regions (spot no. 12,35 in CO, 28,29 in CS, and 26,27 in HI of Supplementary Figure 1) , most prominently in the CS. Upregulation PDIA3 isoforms at an earlier stage could possibly be a host response to overcome protein misfolding events.
Activation of Astrocytes
It has been demonstrated that sarin-induced signaling cascades activate astrocytes (Damodaran et al., 2002) . The neuronal degeneration observed in our histopathopathological examination of brain regions were further confirmed by screening for astrocytosis through GFAP expression. We found significant upregulation of GFAP, 3-month postexposure (Supplementary Figure 3b) . Although transcriptomic upregulation of this protein after sarin exposure has been reported earlier (Damodaran et al., 2002) , our immunohistochemistry data on different brain regions clearly shows a highly upregulated GFAP expression and astrocytosis, 3-month postexposure, suggesting CNS injury.
Impairment in Cytoskeleton Functions
Several cytoskeleton-related proteins showed downregulation after sarin exposure. We observed progressive downregulation of Tubb in CO and HI. Notably, aggregation of alpha-synuclein is known to result in decreased free tubulin in cytosol (Alim et al., 2002) . We observed altered expression of several other cytoskeleton associated proteins not reported in previous sarin toxicity studies. For instance, Stmn, responsible for stability of microtubules, showed progressive downregulation in all the three regions till 3-month postexposure. Decreased expression of Stmn has been reported during other neurodegenerative conditions, possibly, by switching the cells towards apoptosis (Cheon et al., 2001) . Our results indicate disturbances in the microtubules associated proteins after sarin exposure as evidenced by decreased level of Stmn in all the three brain regions, leading to further aggravation of neurodegenerative conditions. Downregulation of another neurofilament associated protein, Ina seen on 2DE gels, was further confirmed by immunohistochemistry. This is in contrast to other motor neuron diseases, where Ina is known to be upregulated. The function of Ina in combination with other cytoskeleton proteins and downregulation of its gene has been reported in a rat model of neuronal injury (Muma et al., 1990) .
Pfn2, a G-actin binding protein located in the brain is essential for motility function (Da Silva et al., 2003; Haugwitz et al., 1994) . We observed continuous downregulation of Pfn2 till 3 months in HI after sarin administration and its putative role in a sarin-induced defect in motility function is hypothesized. It is reported that sarin exposure causes defect in cognitive function (Miyaki et al., 2005) . Coro1 is related to cognitive function and defect in Coro1 function leads to cognitive and behavioral abnormalities for its involvement in the regulation of signal transduction mechanism and regulation of synaptic plasticity (Jayachandran et al., 2014) . Coro1 was downregulated in our study till 3 months after sarin intoxication suggesting cognitive and behavioral anomalies in chronic exposure to sarin.
Sarin Exposure Modulates Synaptic Protein Expression
We observed significant downregulation of Cplx2 in CO and CS regions of the brain (Spot no. 30 and 13, respectively, in Supplementary Figure 1 ) till 3-month postexposure. Cplx2 is implicated in modulation of neurotransmitter release and its dysregulation is associated with various neuronal abnormalities like schizophrenia, Huntington disease (HD), temporal lobe epilepsy, and PD (Hass et al., 2015) . In case of HD, downregulation of this protein is reported both in CO and CS regions (DiProspero et al., 2004; Morton et al., 2001 ). Movement and cognitive defects have been observed in Cplx2 knockout mice (Glynn et al., 2003) . In our study, the long-term decrease in expression of Cplx2 may be a possible cause of movement and cognitive defects. The reduction in Cplx2 expression was more prominent in CS where a more persistent inhibition of AChE was observed. As sarin exposure leads to over accumulation of ACh and affects synaptic function, the downregulation of Cplx2 could possibly be a host response to regulate synaptic plasticity.
Accumulation of Abnormal Proteins
Changes in the expression of various proteins related to chaperone functions indicated that there may be accumulation of misfolded proteins. Alpha-synuclein that regulates the release of presynaptic vesicle and acts as a chaperone, showed hyper accumulation 3-month postsarin exposure (middle panel, Supplementary Figure 4) . This is the first report in which we observe a clear delayed accumulation of alpha-synuclein after sarin exposure. Accumulation of alpha-synuclein was demonstrated in PD pathogenesis in response to an environmental toxin exposure, wherein mitochondrial dysfunction and oxidative stress have also been implicated (Devi and Anandatheerthavarada, 2010; Pan-Montojo et al., 2012) . In this study, we observed various changes related to these abnormalities suggesting a PD-related pathology in later stages. Oxidative stress dependent neuroinflammation promotes APP expression (Ashok et al., 2015) and sarin-induced neuroinflammation has been reported by various groups (Chapman et al., 2006; Spradling et al., 2011) . Using immunohistochemistry, we observed clear upregulation of APP in HI region after 3 months of sarin intoxication (right panel, Supplementary Figure 4) . Curiously, upregulation of this protein in HI and CO region was reported in a rat model of AD (Taylor et al., 2002) .
Neuropathology after sarin exposure is the cumulative effects of early onset of various effects and propagation of damage at later time points ( Figure 5 ). We generated an OPICN scenario using a single dose of sarin in rat model wherein the animals showed early symptoms of sarin exposure but survived further. Our results on alterations in protein expression pattern suggesting neurodegeneration, impairment of movement and cognitive, mitochondrial dysfunction, ER stress, and defects in chaperone function and cytoskeleton at earlier stages. Some of these early changes, including those involved in neurodegeneration, movement and cognitive function, defects in chaperone function and cytoskeleton, were shown to persist for a longer period (3 months) in sarin-exposed animals. Further validation of the results shown here in suitable animal model is likely to Table 1. address questions underlying the mechanism of OPICN and provide therapeutic targets for medical countermeasures against sarin exposure.
SUPPLEMENTARY DATA
Supplementary data are available at Toxicological Sciences online.
